Abstract

13
Despite a wealth of methods currently proposed by the European Water Framework Directive (WFD) 14 to assess macro-benthic integrity, determining good ecological status (GES) and assessing ecosystem 15 recovery following anthropogenic degradation is still one of the biggest challenges in marine ecology 16 research. In this study, our aim was to test a number of commonly used structural (e.g. Wiener, Average Taxonomic Diversity (Δ), M-AMBI) and functional indictors (e.g. BTA, BPc) currently 18 used in benthic research and monitoring programmes on the Eden estuary (Scotland). Historically 19 the estuary has a legacy of high nutrient conditions and was designated as a Nitrate Vulnerable Zone 20 (NVZ) in 2003, whence major management measures were implemented in order to ameliorate the 21 risk of eutrophication symptoms. We therefore collected data on intertidal macro-benthic 22 communities over a sixteen year interval, covering a pre-management (1999) and post-management 23 (2015) period to assess the effectiveness of the intended restoration efforts. In the post-24 management period, the results suggested an improvement in the structure and functioning of the 25 estuary as a whole, but macro-benthic assemblages responded to restoration variably along the 26 estuarine gradient. The greatest improvements were noticed in the upper and central sites of the 27 estuary with functional traits analysis suggesting an increased ability of these sites to provide 28 ecosystem services associated with the benthic environment such as carbon and organic matter 29 cycling. Generally, almost all of the structural and functional indicators detected the prevailing 30 environmental conditions (with the exception of (Pielou's index and Average Taxonomic Diversity 31 (Δ)), highlighting the appropriateness of such methods to be used in monitoring the recovery of 32 transitional systems. This research also provides a robust baseline to monitor further management 33 actions in the Eden estuary and provides evidence that notable reductions in nitrate concentrations 34 resulting from NVZ designations may result in significant improvements to benthic structure and 35 functioning. 2000/60/EC), there is an increasing need to evaluate ecological quality following environmental 43 restoration resulting from reducing human-induced pressures Borja et al., 2010) . 44 In estuarine systems a plethora of methodologies, indices, metrics and evaluation tools are presently 45 available to assess ecological integrity (Borja & Dauer, 2008) and have been widely used for quality 46 status assessments mainly through the analysis of macro-benthic communities (e,g, Veríssimo et al., 47 2012a; Tweedley et al., 2015) . In particular, over the last few decades there has been considerable 48 research into understanding how changes in biodiversity can lead to changes in the structure and 49 functioning of transitional ecosystems (e.g. Balvanera . Therefore, testing the 58 performance of these indices in novel systems has gained relevancy, in order to incorporate aspects 59 of a system functioning into conservation and management efforts (Bremner et al., 2008) . 60
Among the most relevant issues for environmental regulators and policymakers is the problem of 61 eutrophication, with nitrogen and phosphorus inputs accounting for the largest volume of 62 anthropogenic wastes added to estuaries and coastal systems (Kennish, 1996; Howarth et al., 2011) . 63
Yet, while the eutrophication process leading to ecosystem degradation is now well studied and 64 understood (e.g., Elliott knowledge on coastal ecosystem recovery following significant nutrient reductions is more limited 66 (Steckbauer et al., 2011; Duarte et al., 2015) and often suffers from the scarcity of long-term, large-67 scale ecosystem studies (Rieman et al., 2016) . This study therefore constitutes one of the first 68 attempts at investigating long term effects of nutrient reduction management measures in the Eden 69 estuary, a small macrotidal system located on the eastern coast of Scotland, UK. Due to the high 70 regional importance of agriculture within the catchment, anthropogenic pressure in the form of 71 increased nutrients from arable land and livestock production have traditionally been one of the 72 most significant pressures influencing the estuary with high levels of nitrogen compounds entering 73 the estuary via the river Eden (Clelland, 1997 Having identified important traits, actual computation of BTA required the construction of three 217 different numerical matrices: (1) taxa density in each station (matrix 'taxa by stations'); (2) biological 218 traits of the taxa (matrix 'taxa by traits'); and (3) a combination of the previous two, biological traits 219 in each station (matrix 'traits by stations') (e.g. Bremner et al., 2003) . Data of taxa density were first 220 sorted by year and site. As biomass is often cited as the best measure of an organisms presence in a 221 community (e.g. Bremner et al., 2006b) , the biological numeration system used here was biomass (g 222 AFDW per m −2
). Information for assigning taxa to functional traits and used to construct the 'taxa by 223 traits' data matrix, was obtained from different published sources (see Appendix 1) including online 224 databases such as BIOTIC developed by the Marine Life Information Network -UK 225 (http://www.marlin.ac.uk/biotic/). When reliable information was missing, expert judgment and/or 226 data from the nearest phylogenetic neighbour were considered. Using this information each taxon 227 (i.e. species) was given a score from zero to three for the extent to which it exhibits each trait 228 category, using a 'fuzzing coding' approach (Chevenet et al., 1994 ). An affinity score of '0' indicates 229 no affinity of a taxon to a trait category, whereas a score of '3' indicates a high affinity to the trait 230 category. Information from the 'taxa by stations' and 'taxa by traits' matrix were then combined to 231 produce a 'trait by station' matrix. To do this, the trait category scores for each taxon present at 232 each station were multiplied by their overall density at each station. To give the same weight to each 233 taxon and each biological trait in further analysis, scores were standardized so that their sum for a 234
given taxon and a given trait equals 1 (or 100% The trait maximum size and longevity are representative of the movement of organic matter within the system.
Long-lived and large organisms hold matter within the system and short-lived small species contributing to higher turnover. These traits are also indicative of disturbance within the system. (1999 and  270 2015), each indicator was subjected to a one-way PERMANOVA. A second approach was also tested 271 for the whole estuary by pooling all the sites together using a one-way pair-wise PERMANOVA 272 design. The null hypothesis that there was no significant difference was rejected if the significance 273 level (P) was < 0.05. Following the PERMANOVA tests, the same data matrix was subjected to 274 ordination by nMDS (Clarke & Ainsworth, 1993) in order to visually assess variations in the 275 distribution of community composition. Initially, a general nMDS ordination was carried out taking 276 into account all estuarine sites together followed by a more detailed comparison of nMDS 277 ordinations of each site separately. 278
Using the same experimental design described above (same number of permutations, permutation 279 method and significance level), the 'traits by station' data matrix resulting from BTA was also subject 280
to PERMANOVA and nMDS in order to statistically and visually assess variations in the distribution of 281 traits composition of both systems. Prior to analysis, the BTA data were square root transformed and 282 a similarity matrix based on Bray-Curtis coefficient was calculated. 283 ) were detected at the estuarine level (Table 2) ) reduction in mean 292 biomass. In contrast to the other two sites, the abundance and biomass of macro-fauna found in the 293 lower estuary increased by 446 individuals, attributing to a 0.55 AFDW g m -2 increase in mean 294 biomass. 295 Table 2 Mean density (N m ) of all taxa recorded at each site 296 during the study period including one-way PERMANOVA pair-wise post hoc comparisons between 297 years for the whole estuary and each estuarine site using the t-statistic. Values in bold were 298 significant at (p < 0.05). 299
Results
Taxonomic comparisons between the mudflat sites, of the upper and central estuary (Table 3)  300 revealed a similarity in four of the five most dominant taxa namely: the errant polychaete Hediste 301 diversicolor, the deposit feeding polychaete Spio filicornis, the molluscan grazer Peringia ulvae and 302 the sub-surface deposit feeding oligochaete Tubificoides benedii. Differences in abundance between 303 the pre-and post-management periods in these sites were characterised by a decrease in density of 304 the oligochaete species Tubificoides benedii and the burrow-dwelling crustacean Corophium 305 volutator in the upper estuary; relative to decreased numbers of the filter-feeding bivalve mollusc 306
Mytilus edulis in the central estuary. Most of the univariate indices tested suggested a general increase in species richness or evenness of 316 assemblages following the reduction of nutrient inputs to the estuary ( Permutations from both the M-AMBI and IQI indexes, considered the benthic habitat quality of the 341
Eden to be 'high' at the estuarine level across both periods (Table 5) . At the site level, both indices 342 recognised an improvement in habitat quality from poor to moderate for the central estuary after 343 catchment alterations. In contrast to M-AMBI, the IQI index could not detect a change in ecological 344 status in the upper area of the estuary. As with the univariate indicators, neither index could 345 distinguish any change in habitat quality in the lower estuary. 346 
Biological traits analysis 351
When considering the biological traits composition data from all of the estuarine sites together, a 352 significant difference was detected between the pre-and post-management periods in inter-tidal 353 benthic community functioning (one-way PERMANOVA, p < 0.05). Significant changes were also 354 detected (one-way PERMANOVA, p < 0.05) in the upper and central estuarine sites. These trends are 355 clearly seen in the in the nMDS ordinations coded for both the temporal factor 'year' and spatial 356 factor 'site' (Figure 2) With regard to the main biological traits categories describing the Eden estuary as a whole ( Figure  364 3), spatial distributions of different body size categories changed between the pre and post-365 management periods, with a graduation towards a more evenly distributed size structure across the 366 estuary. In 2015, very small (< 1cm) and large (11-20cm) individuals increased in contribution to 367 overall biomass concurring with a fall in medium (3-10cm) sized individuals. Species with a medium 368 (2-5 years) life span were only found in the 2015 period. There was also a simultaneous increase (15 369 %) in long lived individuals during this period. Tubicolous species only contributed to < 2% of the 370 total ecological functioning of the estuary across both periods. Between the periods, there was a 371 general increase in bivalve or turbinate species relative to a decline in articulate and vermiform 372 segmented species, with the latter dominating the morphology of the estuary. Species with a 373 hermaphroditic reproductive technique contributed most (~70%) to the biomass of the system 374 during the 1999 period, followed by a shift to a system where individual organisms were more often 375 gonochorous (~60%). Deposit feeding individuals were the most representative feeding traits 376 expressed in the Eden estuary (> 60% in both scenarios). Following management interventions there 377 was a decrease in deposit feeders and an increase in the three other resource capturing methods: 378 filter/ suspension, opportunistic/scavenger and predators. Slow free moving taxa dominated the 379 biomass of both periods, while sedentary tube dwelling taxa were absent from the pre-management 380 period. During the contemporary period, limited and free moving taxa increased in eminence. 381
Distributions of taxa across the sediment-water interface were almost equivalent between the two 382 periods, with a slight increase (5%) in hyperbenthic species during the 2015 period. Biodiffusing taxa 383
were the most influential taxa in facilitating geochemical cycling processes, during both periods. 384
Contributions to ecological functioning of surficial modifying taxa, almost doubled (from 20 to 40%) 385 during the 2015 period. Tolerance to differing salinity regimes at the estuarine level, was largely 386 analogous between the two periods, suggesting no substantial changes in species taxa distributions 387 due to the increasing influence of freshwater inputs. The vast majority (> 95%) of taxa across both 388 periods were classified as tolerant or very tolerant to disturbance. an increased presence of free moving and more solitary species in the post-management period. 412
Similar biturbation trait compositions were expressed in the central estuary, prior to an insurgence 413 of surficial modifying and biodifusive taxa. In the sandy lower estuary, long lives species exhibited 414 the greatest temporal biomass, predominated by large (11-20cm) individuals such as the sandworm 415
Arenicola marina. Limited mobility species were replaced by free moving and tube dwelling species 416 in the lower estuary and geochemical processes were mediated by a prevalence of downward 417 conveying species. 418
Tolerance to salinity remained relatively constant and was comparable to the patterns of the estuary 419 as a whole, but the finer resolution suggested a greater proportion of species with high tolerances to 420 low salinity (< 5ppm) to be present in the upper site (at the river-estuarine interface). In converse, a 421 high proportion species with a preference for high salinity (> 20ppm) were found at the mouth of 422 the estuary. Habitat preference and sediment reworking modes followed the trends described for 423 the estuary as a whole across all sites. Tolerant and very tolerant taxa were the mainstay of the 424 upper and central sites, with the former recording an increase in the proportion of very tolerant 425 individuals, parallel to the opposite trend in the central estuary. Contrastingly, sensitive species were 426 the largest group in the lower estuary with > 99% representation in the 1999 period. This was 427 followed by an influx (~40%) of more tolerant individuals. Simpson) were able to capture useful information about the state of the inter-tidal macro-benthic 457 community with regards to decreasing nutrient regimes. In contrast, Pielou's Index and Taxonomic  458 Diversity measures seemed to have been the least efficient in reflecting the recovery trajectory of 459 the environmental conditions under this investigation. When considered spatially, many of the 460 diversity and evenness indicators suggested positive changes at the level of the whole system, but 461 our nested hierarchical approach revealed that only in the upper and central estuary were there 462 significant compositional changes. This specificity seems important from a local ecological 463 perspective as previous assessments of the macro-benthic structure of the estuary have mainly 464 focused on the central site (e.g. Chocholek, 2013) . Such approaches also fit well with an WFD 465 monitoring framework, with the need to account for different sites inherent natural variability to 466 environmental conditions (Teixeira et al., 2008) all the while exemplifying the need for an 467 ecosystem-based approach to management that considers the entire ecosystem. 468
In the upper site, all structural indicators (with the exception of Pielou's Index) were able to detect 469 significant differences between years and thus, between the time periods. Most indicators with the 470 exception of Average Taxonomic Distinctness (reflected changes in the community structure and 471 composition consistent with an indication of a better ecological condition in this estuarine site. 472
Taken in context, these indicators based upon measures of equitability and dominance were 473 apparently, reflecting the large decrease in abundance of four of the five most numerous taxa and 474 the increase in greater richness or potential of the community to respond to future perturbations. In 475 the central estuary, as species density and biomass fell between the pre-and post-management 476 periods, the structural indicators: Margalef, Considered at the estuarine level, the results of the BTA showed quite similar trait distributions 520 between the pre-(1999) and post-(2015) management periods, initially suggesting at least when 521 considered as a whole, the estuary is continuing to function in a similar manner under the influence 522 of nutrient reductions. Trait diversification, however, increased between the periods suggesting an 523 increased overlap in traits and therefore the functional redundancy of the system to buffer against 524 future changes (Hooper et al., 2005) . 525
At the level of individual sites, the results of the BTA showed quite similar trait distributions within 526 the lower estuary, whereas, the trait distributions at the central and upper most part of the estuary 527 were considered to be significantly different, suggesting the observed structural changes in 528 community composition had influenced ecosystem functioning within these sites. Changes of traits 529 in relation to patterns of environmental disturbance were reflected by several traits in the post 530 management period, with the percentage of individuals being 'larger', 'longer lived' and 'hyper-531 benthic' all increasing. Generally these traits are generally cited as being indicative of a less stressed 532 environment (Philippart, 1998; Basset et al., 2004 ) 533
Impacts on traits pertaining to the assimilation and cycling of matter were most prominent within 534 the central area of the estuary, with a shift from slow free moving deposit-feeding benthos to a 535 more heterogeneous community composed of more sedentary filter-feeding and mobile 536 scavenger/predator species. These changes echo the fall in dominance of the deposit feeding 537 oligochaete, Tubificoides benedii, and rise in numbers of the filter-feeding bivalve, Cerastoderma 538 edule. As these species represent a significant proportion of the organic carbon within the estuary, 539 such significant changes in numbers and by proxy traits is likely to have important consequences on 540 many ecosystem processes which are inherently linked to a number of ecosystem services such as 541 carbon sequestration/storage (Beaumont et al., 2014) and nutrient/waste remediation (Watson et 542 al., 2016). For example, following nutrient disturbances Cerastoderma edule has been shown (e.g. 543 Kang et al., 1999; Cesar & Frid, 2012) to revert from a diet consisting of material from the benthos to 544 more material consisting from the water column. Therefore, in comparison to the high nutrient 545 periods of 1999, trait distributions of the central estuary imply there is a greater degree of benthic-546 pelagic coupling taking place, which has implications for the transfer and processing of nutrients and 547 carbon within the sediments (Loo & Rosenberg, 1996) . 548
Considering the movement of material once it enters the benthos, BPc results for the entire estuary 549 indicate an increase in the potential biogenic functioning of the sediments relative to the pre-550 management period, with the greatest capacity for sediment turn over estimated in the upper 551 estuary. Based on the classification of marine invertebrate infauna into bioturbation groups sensu 552 (Queiros et al., 2013) it was also apparent different sites displayed different traits underlying the 553 ecosystem processes of bioturbation and bioirrigation. In the muddy upper and central sites, 554 community traits trended towards biodiffusers (whose activities result in a constant and random 555 diffusive transport of particles over short distances) and upward conveying (that actively transport 556 sediment from the sediment surface) reworking types, while the lower estuary was dominated by 557 species with downward (that actively transport sediment to the sediment surface) conveying traits. 558
Additionally, the trait salinity preference suggested no substantial changes in species tolerance 559 across any of the sites between the sampling periods. This is particularly important result regarding 560 the upper estuary, where changes in flow dynamics and salinity are most likely to impact organisms. 561
Generally, both Biological Traits Analysis and community bioturbation potential (BPc) seemed 562 effective in highlighting the general picture regarding the functioning of the benthic communities, 563 suggesting a substantial increase in benthic functioning under decreasing nutrient stress. When the 564 functional traits of macro-fauna considered in the BPc index (i.e. mobility and reworking mode) were 565 combined with BTA, this also allowed a greater visualisation of the influence of specific traits and 566 how they were likely to affect ecological functions. Care should be taken in interpretation of our BPc 567 results however, as the empirical relationships reported do not provide information about which 568 mechanistic attributes of bioturbation as a community process influence sedimentary systems, other 569 than the functional traits of macro-fauna considered in the index (Queirós et al., 2015) . We 570 therefore acknowledge that a focus on acquiring accompanying metrics of functioning (e.g. sediment 571
biogeochemistry, secondary production) aligned with traits information would significantly improve 572 our ability to determine both the identity and importance of effects traits for specific ecosystem 573 processes relating to carbon and nutrient cycling. 574 In the system studied here, the shifts in the vast majority of the structural and functional indicators 590 were generally consistent with recovery trajectories described for other nutrient disturbed systems 591 (Pearson & Rosenberg, 1978 and were very consistent with patterns in the ecological quality indices used (AMBI and IQI). This 593 supports the usefulness of such approaches for assessing the recovery patterns of transitional 594 benthic systems. Specifically, the fact that the functional indices largely corroborate the results of 595 the structural and multi-metric indices is a promising indication, suggesting that a more traditional 596 structural framework (e.g. as employed by the Water Framework Directive) could be supplemented 597 with information about the ability of an ecosystem to function and ultimately provide ecosystem 598 services. 599
Conclusions
These findings are also of direct importance to local management, suggesting that the level of 600 intervention in the form of the nitrate vulnerable zone (NVZ) was sufficient in this case to produce a 601 noticeable positive impact on the receiving benthic biota over a relatively short timescale. These 602 findings are synonymous with other positive outcomes of NVZ legislation in other small estuaries in 603 the UK such as the Ythan (Raffaelli, 2011) , but contrast with similar water quality improvement 604 efforts in many larger groundwater-dominated catchments (Burt et al., 2011) where nutrient levels 605 have remained obstinately high due to the biochemical lag times (often decades) associated with 606 groundwater reservoirs (Hamilton, 2011) . Continued monitoring and research of the Eden estuary is 607 therefore prudent, with increased anthropogenic activity likely to be a key to feature for 608 management within the foreseeable future. For instance, increased infrastructural development 609 underway in the upper reaches of the estuary at the Guardbridge Paper Mill site, including a new 610 'state-of-the-art' biomass facility, could have unforeseen impacts on the bio-physical properties of 611 the estuary (Prophet, 2015) . As such, this study highlights the potential of re-analysing data sets 612 from earlier research programmes and it is likely that the comprehensive large scale monitoring 613 information provided in this study is another extremely valuable baseline with which future studies 614
can be compared against in order to prevent future degradation and to maintain the prevailing 615 ecological conditions of the estuary. Although there is likely uncertainty in only comparing two time 616 periods in this study, due the inherent lack of data available at large spatial scales, the analysis 617 developed here can still be used to visualise potential directions of change and thus inform about 618 potential consequences and support local planning of management actions. 619
As a final point, the focus of this study was principally on only one component of the estuarine 620 environment, namely the benthic invertebrates. However, research on the relationship between 621 estuarine biodiversity and ecosystem functioning is entering a new phase, accepting that impacts on 622 biodiversity generally involves reductions and changes in species across different trophic levels 623 simultaneously (Raffaelli, 2006) . The evaluation of other biological quality elements (especially 624 primary producers such as macrophytes, benthic fish and waterbirds) is consequently recommended 625 as well as, the use of long-term data sets in order to better understand the effectiveness of the 626 restoration measure undertaken. 627 
